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Abstract
With infrared ellipsometry we studied the response of the confined electrons in a γ-Al2O3/SrTiO3
heterostructure in which they originate predominantly from oxygen vacancies. From the analysis
of a so-called Berreman mode, that develops near the highest longitudinal optical phonon mode
of SrTiO3, we derive the sheet carrier density, Ns, the mobility, µ, and also the depth profile of
the carrier concentration. Notably, we find that Ns and the shape of the depth profile are similar
as in LaAlO3/SrTiO3 heterostructures for which the itinerant carriers are believed to arise from
a polar discontinuity. The main differences concern the higher mobility and a relatively stronger
confinement of the electrons in γ-Al2O3/SrTiO3.
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I. INTRODUCTION
The observation that highly mobile electrons can be created at the interface between the
nominal band-insulators SrTiO3 (STO) and LaAlO3 (LAO) with ∆
STO
gap = 3.2 eV and ∆
LAO
gap =
5.6 eV, respectively, has initiated intense research activities on LAO/STO heterostructure1.
Meanwhile, it has been demonstrated that functional field effect devices can be made from
these oxide heterostructures2 which even allow one to tune a superconductor to insulator
quantum phase transition at very low temperatures3. A major unresolved question concerns
the origin of these confined charge carriers and the conditions for obtaining a high mobility.
The explanations range from (i) an electronic reconstruction due to the polar discontinuity
at the LAO/STO interface which gives rise to a transfer of 1/2 e charge per STO unit cell
(corresponding to a sheet carrier density of Ns=3.3×10
14 cm−2), (ii) an intermixing of La
and Sr cations across the interface4, to (iii) the creation of oxygen vacancies which may be
stabilized near the interface by space charge effects5. While the polar discontinuity scenario
(i) has obtained a great deal of attention, more recently the focus has shifted toward the
oxygen vacancies (iii). In particular, it has been demonstrated that an electron gas can be
created in the absence of a polar discontinuity, for example at the LAO/STO (110) interface6,
with amorphous LAO cap layers7,8, and even with a γ-Al2O3 (GAO) top layer which has
a spinel structure. Note that the latter remains polar, but with a much reduced polarity
compared to LAO/STO9,10. The results reported in Ref.11 suggest that both the oxygen
vacancies and the polar discontinuity can be the source of mobile electrons that are confined
near the surface of STO. Notably, the highest mobility reported to date has been achieved
in GAO/STO heterostructures for which there is clear evidence that oxygen vacancies are
at the heart of the interfacial electrons9,10.
This raises the question about the differences in the dynamical properties of the interfacial
electrons and also of the concentration depth profiles in these different kinds of heterostruc-
tures. In GAO/STO the latter has so far only been determined at room temperature using
x-ray photoelectron spectroscopy (XPS)9,12. The depth distribution of the confined electrons
at low temperature, where the dielectric constant of STO is much larger and the electron
mobility strongly enhanced, is yet unknown. Some of us have previously shown for the case
of LAO/STO that this information can be obtained with infrared ellipsometry13. Here we
present a corresponding ellipsometry study of a GAO/STO heterostructure.
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II. SAMPLE GROWTH AND CHARACTERIZATION
The GAO thin film with a thickness of 2.5 unit cells has been grown by pulsed laser
deposition (PLD) on a singly TiO2-terminated (001) STO crystal with a repetition rate of
1 Hz and a laser fluence of 2.5 J cm−2, and monitored by in-situ high pressure RHEED9.
During the deposition at 600 ◦C, the oxygen pressure was kept constant at 10−4 mbar. After
the deposition, the sample was cooled down to room temperature at the deposition pressure
without any further post oxygen annealing. The sample has been studied with standard
dc Hall transport measurements which yield typical values for the sheet carrier density and
mobility of Ns≈ 6.0×10
13 cm−2 and µ ≈ 11000 cm2/Vs at 2 K and Ns≈ 5.7×10
13 cm−2 and
µ ≈ 9700 cm2/Vs at 10K.
Infrared ellipsometry measurements have been performed with a home-built setup that is
equipped with a He flow cryostat and attached to a Bruker 113V Fast Fourier spectrometer
as described in Ref.14. The data have been taken at 10K in rotating analyser mode, with and
without a static compensator based on a ZnSe prism. Very similar data (not shown) have
been obtained by using a rotating compensator with a ZnSe prism. The angle of incidence
of the light was set to 75 degree. Special care was taken to avoid photo-doping effects by
shielding the sample against visible and UV light15. The measurements have been performed
under identical conditions first on the GAO/STO heterostructure and, right afterwards, on
a bare STO substrate that serves as a reference.
III. EXPERIMENTAL RESULTS
Infrared ellipsometric spectra contain valuable information about the properties of the
electrons that are confined at the interface of the GAO/STO heterostructure. The most
instructive feature is due to a so called Berreman mode that occurs in the vicinity of the
plasma frequency of the highest longitudinal optical (LO) phonon mode16,17 which in STO
is located at ωLO(STO)≈ 788 cm
−1 18. It is an electronic plasma mode that originates
from a charging of the interfaces due to the dynamical accumulation of the itinerant charge
carriers. It occurs under an oblique angle of incidence of the light if the polarization of the
electric field, E, is parallel to the plane of incidence (p-polarization) and thus has a finite
normal component with respect to the interfaces. The corresponding reflection coefficient,
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rp, exhibits a characteristic structure in the vicinity of the LO plasma frequency, ωLO. The
Berreman mode is conveniently presented and analyzed in terms of the difference spectrum
of the ellipsometric angle, Ψ=arctan(rp/rs), of the heterostructure with respect to the bare
STO substrate, ∆Ψ=Ψ(sample)-Ψ(STO).
The spectrum of ∆Ψ shown in Figure 1(a) reveals two major features. The broad peak
with a maximum near 956 cm−1 corresponds to the Berreman-mode. It has been previously
pointed out that the difference in frequency between this maximum and ωLO(STO) is a
measure of the plasma frequency of the itinerant electrons, ωpl
13. The intensity of this peak
is determined by the overall sheet carrier density and its broadening by the mobility (or
the inverse scattering rate). For the case of LAO/STO it was shown that this peak has a
strongly asymmetric shape which provides additional information about the depth-profile
of the carrier concentration13. For the LAO/STO system the carrier density is highest next
to the interface and decreases rather rapidly toward the bulk of STO over a length scale of
about 11 nm.
The second feature is a fairly sharp and pronounced minimum around ωdip ≈865 cm−1
that occurs slightly above ωLO(STO) where the real part of the dielectric function of STO
matches the one of the GAO top layer such that the interface becomes fully transparent.
As was outlined in Ref.19 and Ref.13, this dip feature contains contributions from the out
of plane and the in plane components of the dielectric function. The in plane contribution
arises from the Drude-like response of the itinerant electrons which leads to a reduction
of ε1 (865 cm
−1) and, given a low mobility and thus large scattering rate, an increase of
ε2 (865 cm
−1). The strength of this dip is a measure of the overall carrier density Ns, it
is rather insensitive to the details of the depth distribution of the itinerant carriers (since
the penetration depth of the infrared light is on the order of a micrometer). It is also not
sensitive to the in plane mobility of the carriers, unless it is very low such that the Drude
peak in ε2 is very broad and extends to the dip feature.
We start by analyzing the ellipsometric spectra of GAO/STO with the same model that
was used in Ref.13 for the LAO/STO heterostructures. Figure 1(a) shows the measured
spectrum of ∆Ψ (symbols) at 10K and the best fits using either a block like potential
with a constant (green solid line) or a graded profile of the concentration of the confined
carriers (red solid line). The graded profile provides a significantly better fit to the data.
It reproduces the main features, like the pronounced dip around 865 cm−1, the maximum
5
around 955 cm−1 and, especially, the long tail toward higher frequency which is terminated
by a step like feature around 1186 cm−1. Figure 1(b) shows a comparison with the data
and the best fit with the graded profile for the LAO/STO heterostructure13. The obtained
depth profiles for GAO/STO (blue solid symbols) and the LAO/STO (red solid symbols)
heterostructures are displayed in Figure 1(c). The derived values for the sheet carrier density
Ns, the mobility, µ, and the total thickness of the conducting layers, d, are listed in Table
1. To allow for a direct comparison, we assumed the same value of the effective mass,
m*=3.2 me, (me is the free electron mass) as in Ref.
13. First of all, we notice that the
obtained sheet carrier density of Ns(IR) ≈ 6.2×10
13 cm−2 is rather close to the one of the
dc Hall transport measurements of Ns(Hall) ≈ 5.7×10
13 cm−2. Secondly, we remark that
the larger thickness of the conducting layer of d=7.5 nm, as compared to the one deduced
from XPS measurements at room temperature of d=0.9 nm9,12, can be understood in terms
of the much larger dielectric constant of STO at low temperature which leads to enhanced
screening and thus a weaker confinement of the electrons. A similar difference between the
thicknesses deduced from the infrared measurements at 10K13 and XPS20 and scanning probe
measurement at room temperature21 was previously observed for LAO/STO. Overall, it is
rather striking that despite the supposedly different origin of the confined electrons, oxygen
vacancies in GAO/STO and the polar discontinuity in LAO/STO, respectively, the value of
Ns and the shape of the depth profile are very similar for both systems. The major difference
concerns the mobility of the charge carriers which is significantly larger in GAO/STO than
in LAO/STO and the reduced thickness, d, which suggests a stronger confinement of the
carriers. The higher mobility enhances the visibility of the characteristic features of the
Berreman mode such as the peak and, especially, the step-like edge that terminates the high
energy tail at 1185 cm−1. The latter is a measure of the maximal plasma frequency next
to the interface (see Figure 1(c)). Note that the obtained mobility is still much lower than
the values reported from dc transport measurements9. A similar difference was observed
for LAO/STO where it was explained in terms of the different frequency scales that are
probed by the dc transport and the optical experiment. The charge carriers in STO have
indeed a polaronic character22 and thus are subject to inelastic scattering with the lattice
that becomes very pronounced in the frequency range of the Berreman mode.
While this isotropic model accounts for the main features of the Berreman-mode, it fails
to describe some details of the ∆Ψ curve. In particular, it overestimates the depth of the
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dip feature at 865 cm−1. In the following we show that the fitting can be further improved
by allowing for an anisotropic mobility of the charge carriers along the out of plane and
the in plane directions, i.e. µz 6= µxy. It is well known that the confined electrons at the
STO interface may originate from different bands derived from the t2g orbitals which have
an anisotropic dispersion behavior. As was discussed in the previous paragraph, the peak
of the Berreman mode is governed by the out of plane component of the dielectric function
to which the electrons in the dxz- and dyz- related bands provide the major contribution
since they are dispersive along the z -direction. The contribution of the dxy-related bands is
expected to be less important, since their z -axis conductivity arises mainly from transitions
between the different subbands18. On the other hand, it can be expected that the electrons
with dxy character govern the Drude-like response along the in plane direction which makes
a major contribution to the dip feature at 865 cm−1.
Figure 2 (a) shows the best fit with an anisotropic Drude-model, for which the mobility
along the in-plane direction, µxy, was allowed to vary, whereas µz and Ns as well as the depth
profile where kept fixed at the values obtained with the isotropic model. For comparison,
the red solid line in Figure 2(b) shows the sole contribution of the z -component, which has
been singled out by setting µxy = 0 cm
2/V s. It confirms that the Berreman-mode, i.e. the
region above the dip where ∆Ψ > 0, is well accounted for by the z -axis component. The
anisotropic model provides indeed a better description of the dip feature than the graded
isotropic model in Figure 1(a). However, it yields an unreasonably low value of µxy = 5
cm2/Vs in view of the very high mobility that has been deduced from the dc measurements
in Ref.9. We therefore allowed for two Drude components to account independently for the
out of plane response (with Ns,z, µz > 0 and µxy = 0) and the in plane response (with
Ns,xy, µxy > 0 and µz=0), respectively. The parameters Ns,xy and µxy were allowed to vary,
whereas Ns,z and µz as well as the depth profile of the carrier concentration were fixed to
the ones obtained from the isotropic model. Note that the fitting is not sensitive to the
depth profile of the in plane component which mainly contributes to the dip feature but
hardly to the peak in ∆Ψ. Therefore, we used for the in-plane component a block-like depth
profile with a thickness of 7.5 nm. The best fit shown in Figure 2(c) yields a reduced value
of Ns=4.6×10
13 and a larger mobility of µxy > 30 cm
2/Vs. According to the discussion
in the previous paragraph, the fitting only yields a lower limit for the in plane mobility
since it looses sensitivity when the Drude peak becomes too narrow. The fit in Figure 2(c)
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provides a satisfactory description of the experimental data that could not be significantly
improved by allowing additional parameters to vary. A corresponding anisotropic fitting
procedure for the LAO/STO heterostructure is not reported here since the broadening of
the characteristic features of the Beremann mode, due to the significantly lower electron
mobility of LAO/STO, makes the distinction between the out of plane and the in plane
components rather difficult and unreliable.
We have thus obtained the following information about the high mobility electrons in
GAO/STO. From the analysis of the Berreman mode in the range where ∆Ψ > 0, we
derived the parameters of the z -axis component of the response of the confined carriers with
Ns,z=6.2×10
13 cm−2 and µz=75 cm
−2/Vs and determined the shape of the graded depth
profile of the carrier concentration which has a thickness of d=7.5 nm. In comparison, we
have obtained only limited information about the in plane response. The latter is mostly
based on the analysis of dip feature around 865 cm−1 and yields Ns,xy=4.6×10
13 cm−2 and
a lower limit for the in plane mobility of µxy > 30 cm
−2/Vs. The width and the shape of
the depth profile of the carriers that are mobile in the lateral direction along the interface
could not be determined. The comparison with the LAO/STO heterostructures thus yields
very similar values of Ns and the same characteristic, asymmetric shape of the depth profile.
The main difference concerns the significantly higher mobility of the confined electrons and
the reduced thickness of their distribution near the interface, although the GAO/STO is
non-annealed. The higher mobility in GAO/STO may be understood in terms of the perfect
lattice match thus much reduced strain that is imposed on the interfacial region of STO by
the GAO top layer and, accordingly, a lower concentration and different distribution of the
structural defects9,10. The reduced thickness of the conducting layer likely reflects a larger
magnitude of the confining potential (that is consistent with the slightly larger value of Ns)
rather than a reduced strength of the dielectric screening in STO. The latter would require
a hardening of the soft mode in STO that results from defects and compressive strain which
both are expected to be stronger in LAO/STO than in GAO/STO.
IV. SUMMARY
With infrared ellipsometry we have studied the so-called Beremann mode in GAO/STO
heterostructures which arises from the itinerant charge carriers that are confined to the in-
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terface. We analyzed the Beremann mode with the same model that was previously reported
in Ref.13 for LAO/STO heterostructures and found that both samples have a similar sheet
carrier densities and asymmetric shapes of the depth profile of the carrier concentration.
This is rather surprising since the main origin of the confined carriers is supposed to be
different, i.e. oxygen vacancies in GAO/STO and a polar discontinuity in LAO/STO. The
most significant differences concern the mobility of the charge carriers, which is significantly
higher in GAO/STO, and the thickness of the depth profile of the confined electrons which
is smaller. The stronger carrier confinement in the GAO/STO heterostructure is also im-
pressive, since unlike LAO/STO, it is not subjected to any post annealing procedure. Its
higher electron mobility can be understood in terms of reduced disorder and strain effects
at the GAO/STO interface, while the stronger carrier confinement may be the result of a
stronger confining potential.
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FIG. 1. Difference spectrum of the ellipsometric angle, ∆Ψ = Ψ(GAO/STO)−Ψ(STO), showing
the Berreman mode above the highest LO phonon mode of STO. The experimental data (open
symbols) are compared with the fits with an isotropic model using a rectangular carrier concen-
tration profile (green line) and a graded profile (red line), respectively. (b) Comparison with the
experimental data on LAO/STO (symbols) and the best fit with a graded profile (blue solid line)
as reproduced from Ref.13. (c) Comparison of the depth profile of the carrier concentration, n, as
obtained from the fits with the graded potential.
TABLE I. Parameters obtained from the best fit with an isotropic Drude response and a graded po-
tential of the confined charge carriers at 10K. The parameters for LAO/STO have been reproduced
from Ref.13.
Ns (cm
−2) µ (cm2/Vs) d (nm)
LAO/STO 5.4× 1013 34 11
GAO/STO 6.2× 1013 74 7.5
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FIG. 2. Fitting of the difference spectrum ∆Ψ = Ψ(GAO/STO)−Ψ(STO) with anisotropic Drude
models. (a) Fit using a single anisotropic Drude term with µxy as fit parameter and the remaining
parameters fixed to the values obtained from the isotropic fit as shown in Figure 1 and Table 1.
(b) Simulation of only the contribution of the out-of-plane component, i.e. for µxy = 0. (c) Fit
using two unidirectional Drude-terms, one for the out-of-plane reaspone with µz = 74 and µxy = 0
and the other for the in-plane response with µz = 0 and µxy > 0.
TABLE II. Parameters obtained from the best fit using an anisotropic Drude response of the
confined charge carriers along the out-of-plane (z ) and the in-plane (xy) directions. Details are
described in the text.
Ns (cm
−2) for z direction µ (cm2/Vs) for xy direction µxy (cm
2/Vs)
Single component model 6.2 × 1013 - 5
Two component model 6.2 × 1013 4.6 × 1013 > 30
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